Abstract: Sample preparation has been recognized as a major step in the chemical analysis workflow. As such, substantial efforts have been made
Introduction
The development of analytical methods for quantitative analyses in environmental water, biological sample matrices, and in food or food supplements with a reduced amount of toxic solvents, and the replacing with non-toxic ones, without loss of efficacy in the extraction procedure, are important aims for contemporary researchers [1, 2] . These aspects are deeply valued during method development and validation in all fields [3] .
Sorbent-Based Sorptive Microextraction Techniques
Sorbent-based sorptive microextraction techniques utilize a solid/semi-solid organic polymer as the sorbent, immobilized on a substrate (such as fused silica fiber, silica particles, glass-coated bar magnet, cellulose/polyester/fiber glass fabric etc.), and include solid phase microextraction (SPME) and its different modifications and implementations, stir bar sorptive extraction (SBSE), microextraction by packed sorbent (MEPS), thin film microextraction (TFME), and fabric phase sorptive extraction (FPSE). Sampling and sample preparation using these techniques are often carried out either by (1) headspace extraction; or by (2) direct immersion extraction. Due to the glue-like, highly viscous polymeric sorbents are prone to irreversibly adsorb matrix interferents from the sample matrix, direct immersion extraction can only be done when the aqueous sample is free from particulates or macromolecules. As such, biological, environmental and food samples require rigorous sample pretreatment prior to analyte extraction such as filtration, centrifugation, protein precipitation, etc. Once the analytes are extracted into these devices, desorption can be carried out by applying thermal shock or by exposing to an organic solvent. Due to the special geometrical advantage (fiber retractable inside a syringe needle), SPME fiber can be introduced directly into GC inlet or into the HPLC system via a special interface. For SBSE or FPSE, a thermal desorption unit can be used. Alternatively, solvent mediated desorption can be used followed by injecting an aliquot into GC or HPLC for chromatographic separation and analysis.
2.1. Fiber-Based Solid-Phase Microextraction, Capillary Solid-Phase Microextraction, and Related Techniques Solid-phase microextraction (SPME), invented by J. Pawliszyn in 1987, undoubtedly deserves the credit for beginning a new era in analytical sample preparation characterized by solvent-free extraction, miniaturization and automation. SPME integrates sampling, extraction and analyte preconcentration into a single step. Due to this ease of interfacing with other analytical systems, as well as many other advantages, SPME has been enjoying exponential growth in applications in many different areas since its inception.
The miniaturization of sample preparation techniques and the integration, particularly in on-line configuration, of chromatographic instruments that could allow a reduction in labor-intensive manual operation and help to enhance the overall analytical performance [12] still remain the major focus in academic and industrial research. In this scenario, even if MEPS is more easily automated than SPE, and more robust than solid-phase microextraction (SPME) [13] , sorbent-based techniques and their different formats certainly represent a valid choice. These techniques provide simplicity in their operation, consume no solvent or minimize solvent usage, allow the separation and pre-concentration of the analytes using different commercial fibers, and the possibility of automating the entire process could be successfully applied in food, environmental, clinical, pharmaceutical and bioanalysis applications [14] [15] [16] , as recently reviewed by Silva and co-workers [17] .
The fibers, which are commercially available, may be different based on their type: -non-bonded phases: stable with some water-miscible organic solvents, although some swelling may occur when used with non-polar solvents, -bonded phases: stable with all organic solvents, except for some non-polar solvents, -partially cross-linked phases: stable in most water-miscible organic solvents and some polar solvents, -highly cross-linked phases: similar to the partially cross-linked phases, except that some bonding to the core may occur.
All of these phases have been strongly and deeply studied and implemented for analysis of volatile components and in different applications-e.g., food, food supplements, and bioanalysis-but all show the same limitation with regard to handling of large sample volumes as for the main SPE/SPME procedure. These procedures (also capillary-like) could easily be used in biological and food analyses due to the relatively low sample volume, but in environmental applications, where large sample volumes are required in order to obtain higher pre-concentration factors, their limitations are highlighted.
Even if these "limitations" are present, fiber-based solid-phase microextraction and capillary solid-phase microextraction represent valid alternatives to conventional approaches due to the wide range of phases commercially available, their better stability and reproducibility (both between lots and analyses), and their unique characteristic of being solvent-less.
The latter techniques, capillary solid-phase microextraction, consist of an inert liner with a packet of coated open capillary tubes inside. The main advantage in comparison to the other reported microextraction procedures is that the surface areas of the extraction phase are more than two orders and one order of magnitude higher, respectively, than that of fiber-SPME. Hence, an equal extraction quantity can be obtained in a lower time. Another advantage is represented by the large cross-section area, resulting in a lower flow resistance; consequently, water samples are able to flow through the cartridge independently, without the need for an auxiliary apparatus. Using capillary solid-phase microextraction, the extraction phase is protected from damage in the liner, so no heightened precautions are needed during application. Furthermore, the cartridge shows a small-bore diameter, which ensures the retention of trace and ultra-trace compounds using limited sample amounts, allowing high absolute recovery. The advances in SPME in terms of new coatings, formants and applications have been reviewed in a large number of articles; only a few are referenced here [18] [19] [20] [21] .
Although SPME offers numerous advantages over conventional sample preparation techniques, it suffers from significant shortcomings, including (1) relatively low operating temperature; (2) instability and swelling of the coating if exposed to organic solvents; (3) low sorbent loading results and poor extraction sensitivity; (4) high run-to-run and batch-to-batch variability; (5) the fact that the slow diffusion of the analyte(s) into viscous sorbents often leads to a long extraction equilibrium time; and (6) the fact that physically holding sorbent to the inert support results in a short life time for the SPME fiber. The majority of the shortcomings stem from the sorbent coating technology used in manufacturing the SPME fibers. However, the coating-related deficiency has been duly addressed by the sol-gel-based coating technology developed by Malik and his research groups [22] . This technology subsequently aided in the development of hundreds of sorbents possessing unique selectivity, as well as unprecedented thermal, solvent and chemical stability. A large number of review articles have critically evaluated these SPME coatings [23] [24] [25] [26] [27] .
Stir Bar Sorptive Extraction (SBSE)
Stir bar sorptive extraction was developed by Pat Sandra and his research group [28] with the aim of increasing the extraction sensitivity of SPME by incorporating substantially higher sorbent loading compared to SPME. In the original invention, poly(dimethylsiloxane) (PDMS) was coated onto a glass-coated magnetic bar. The unique design of SBSE makes it an independent sample preparation device, capable of diffusing the sample matrix by itself on a magnetic stirrer without requiring any external magnet. Extraction and preconcentration of the analyte is carried out by introducing the SBSE device directly into the aqueous sample. The analytes are extracted and preconcentrated when the SBSE spins inside the solution. Following the analyte extraction (driven by equilibrium), the SBSE device is withdrawn from the sample, rinsed with deionized water to clean matrix interferents, and dried with a Kim wipe. Subsequently, the extracted analytes are desorbed using a thermal desorption unit coupled to gas chromatography, or can be subjected to solvent desorption by exposing it to a small volume of a suitable organic solvent. The eluent is typically dried under nitrogen, and the sample is reconstituted in smaller-volume solvent. The sample can be analyzed in a gas or liquid chromatographic system. SBSE devices are commercially available under the trade name Twister ® . Among others, a major drawback of this technique is the availability of only two phases: PDMS and Poly(ethylene glycol) in PDMS [29] . The high viscosity of both of these phases slows down analyte diffusion during extraction, resulting in a long extraction equilibrium time. As such, the extraction sensitivity in SBSE has not been improved proportionately with the sorbent loading, compared to SPME. Several review articles have discussed recent developments in SBSE [29] [30] [31] [32] [33] . As in the case of SPME, the efficiency of SBSE has been substantially improved by adopting sol-gel coating technology [34] [35] [36] [37] [38] .
Micro Extraction by Packed Sorbent Procedures (MEPS)
Recently, Abdel-Rehim and coworkers [39] reviewed the literature published on Micro Extraction by Packed Sorbent (MEPS) methods. This extraction procedure shows some very interesting potential benefits, such as low solvent consumption, small sample volume (10-250 µL), and the ability to be directly injected into the HPLC system without further treatments, with solvent volumes being compatible with several instrumental configurations and analyses. Figure 1 shows the device and the general procedure applied in MEPS extraction. This device is used in different fields, from biological applications to food and food supplement analyses. The main drawback is also related to its advantages. In fact, the possibility of using small sample volumes permits its application in analyses where only small volumes are available, for example plasma. In the case of higher volumes (such as in the environmental field), this device often shows its limitations.
Nowadays Additionally, other commercial sorbents, such as new kinds of graphitic sorbent, polypyrrole/ polyamide, polyaniline nanowires, CMK-3 nanoporous materials, functionalized silica monoliths, APS (amino-propyl silane), and cyanopropyl hybrid silica have been successfully applied in MEPS devices to extract different groups of analytes, as recently reviewed [39, 42] .
To aid and improve the reproducibility during the extraction process, MEPS devices are also coupled to syringes in semi-automated and/or fully automated configurations. In fact, the main critical point during extraction relates to the reproducibility of the flow rate (generally µL s −1 ) used in the different steps (Figure 1) . A MEPS syringe and a one-way check valve [43] was used for the realization of automated or semi-automated MEPS extraction, both for on-line and off-line instrument configurations. n.r. not reported.
As previously mentioned, applications in environmental fields are very limited due to the large volumes that are necessary for the trace analysis of pollutants, both organic and inorganic. Additionally, applications are relatively limited for foods and food supplements due to difficult application of MEPS, which requires a longer time in the pre-analytical steps.
Fabric Phase Sorptive Extraction Procedures (FPSE)
Fabric Phase Sorptive Extraction (FPSE) is a novel sample preparation procedure that mitigates the drawbacks of MEPS. In fact, it allows small and large volumes to be treated, and could be usefully applied in all fields where a very high pre-concentration factor is required, from environmental to biological, from toxicological to food and food supplement quality control. The common drawbacks encountered in conventional sample preparation techniques can be conveniently overcome by using FPSE-developed by Kabir and Furton [59] , and recently reviewed by the inventors [60] -which does not require any matrix modifications or clean-up. FPSE successfully integrates the advantages of equilibrium-based extraction (SPME/SBSE) and exhaustive extraction (SPE) without the necessity of time-consuming sample pretreatment procedures such as protein precipitation. The sorbent is covalently bonded to the substrate surface, and therefore offers high chemical, physical, and thermal stability. In addition, the open geometry of the media facilitates fast analyte sorption and desorption. The substrate used in FPSE is not inert, and contributes synergistically to the overall polarity of the FPSE media. Fabric phase sorptive extraction substantially simplifies the sample preparation workflow in comparison to other available and recent techniques, as demonstrated in Figure 2 . Using FPSE devices, both large sample volumes (such as in the environmental field) and small sample volumes (generally applicable in the biological and pharmaceutical fields) can be easily handled, maintaining very good analytical performances in terms of LOQ, linearity and low pre-analytical steps, as reported in Table 2 . n.r. not reported; PEG polyethylenglycol; PDMS poly(dimethylsiloxane); PTHF polytetrahydrofuran; PDMDPS polydimethyldiphenylsiloxane.
Magnetic Nanoparticle Extraction
Recently these applications were reviewed [9] , and in particular, a review focused on using magnetic nanoparticles for the selective extraction of trace species from a complex matrix was reported [83] .
The main advantage of this last configuration is the possibility of retaining the analytes adsorbed on magnetic stationary phase directly in the tube, cleaning the sample from the matrix and the interference compounds, and analyzing the extract directly for trace species.
To date, no other innovative applications-except for those reported in very recent review papers-have been reported in the literature for food analysis [84] , for drugs in biological matrices [85] , or in other research fields [86, 87] .
All of these papers clearly report the great advantages in using magnetic devices to allow the total recovery of the extracted analytes by using a strong magnet during the cleaning process. In this way, it could be possible to retain the analytes without any loss related to the wash step. Additionally, it is also possible to dry the extracted samples and re-suspend them in a mobile phase more suitable for the instrumental analysis, thus also obtaining a great pre-concentration factor for trace analyses.
Solvent-Based Microextraction Techniques
Due to its high toxicity, expensive disposal requirements, and contribution to further environmental pollution, liquid-liquid extraction and its various modifications have undergone critical evaluation during the last decade, leading to the introduction of liquid phase microextraction (LPME). In a very short period, a number of techniques evolved, with the common goal of minimizing solvent consumption in the sample preparation process.
Liquid-Liquid Micro Extraction (LPME)
Considering the principles of Green Analytical Chemistry [88] , the development of analytical methods that reduce the amount of toxic solvents, or replace them with non-toxic alternatives without sacrificing the efficacy of the extraction procedure, is a major aim for researchers.
Liquid phase microextraction methods (LPME), in comparison to solid phase (micro) extraction, have shown important innovations for trace analytes in different matrices. LPME is utilized for organic compounds and inorganic trace elements in several application fields, such as the environmental, biological, and food fields. LPME can be divided into three different procedure modes: headspace LPME (HS-LPME), direct-immersed LPME (DI-LPME), and hollow fiber LPME (HF-LPME). In HS-LPME, a drop of extraction solvent-which can be either an organic solvent or a water solution-is suspended at the tip of a micro-syringe needle and exposed to the headspace of the sample; this is very suitable for analyses of volatile compounds. DI-LPME is very similar, except that the extraction solvent must be immiscible with aqueous solutions, and is directly immersed into a stirred sample solution. HF-LPME uses a hollow fiber in order to stabilize and protect the extraction solvent, while the small fiber pore size avoids the interference of large molecules and particles, which could result in a more extensive clean-up of the sample during the extraction process. Sharifi and co-workers [89] recently reviewed the principal applications in which these LPME techniques are applied.
Dispersive Liquid-Liquid Microextraction (DLLME)
Dispersive liquid-liquid microextraction (DLLME) and its modifications-such as ultrasound-assisted DLLME (UA-DLLME), ionic liquid-based dispersive liquid-liquid microextraction (IL-DLLME), deep eutectic solvent-based dispersive liquid-liquid microextraction (DES-DLLME), and sugaring-out assisted liquid-liquid extraction (SULLE)-offer unique benefits, such as a high pre-concentration factor for the target analytes, low cost, simplicity, and the possibility of combined use with almost every analytical measurement technique [4, 90, 91] . A large number of solvent microextraction techniques, including single drop microextraction, DLLME, liquid phase microextraction (LPME), have been reported. This extraction procedure allows a better analytical performance in comparison to HF-LPME, as reported by Xiong and Hu [92] . The organic phase, which contains the target analyte(s), can be used for quantification by means of different types of instrument configurations [5] . LPME is usually performed to analyze water samples or aqueous solutions. Analysis of solid samples is commonly done in two steps; the solid sample is converted to aqueous solution using a suitable pretreatment procedure, and then LPME is applied.
Conclusions
As is clearly highlighted in this review paper, the extraction (and clean-up) procedures applied to complex matrices are the real rate-limiting step in sample preparation, particularly related to the overall analytical performance of the developed (and validated) method. Several procedures that have recently been applied, their main aim being the reduction of time, sample manipulation, solvent consumption, and use of toxic solvents, in accordance with the Green Analytical Chemistry (GAC) concepts. A good idea of the advantages/disadvantages of the different procedures treated herein is reported in Table 3 . These innovative procedures also allow analytical performance to be improved by using well-known instrument configurations-such as HPLC-UV/Vis-while avoiding the use of more complex and expensive ones (HPLC-MS, UPLC-MS, etc.). Additionally, these instrumentations can also be used by non-expert operators in routine analyses, both in clinical and in quality-control procedures.
